The aim of this review is to present the state of the art of neurophotonics, a recently founded discipline lying at the interface between optics and neuroscience. While neurophotonics also includes invasive techniques for animal studies, in this review we focus only on the non-invasive methods that use near infrared light to probe functional activity in the brain, namely the fast optical signal, diffuse correlation spectroscopy, and functional near infrared spectroscopy methods. We also present an overview of the physical principles of light propagation in biological tissues, and of the main physiological sources of signal. Finally, we discuss the open issues in models, instrumentation, data analysis and clinical approaches.
Photonic technologies have, in recent years, been playing an increasingly big role in supporting the study of living organisms (e.g. cells, small animal and human) in Neurophotonics: non-invasive optical techniques for monitoring brain functions biology and medicine. Biomedical applications like spectroscopy and imaging of biological tissues are now a major field of application for light-based technologies, and the term biophotonics is commonly used (Popp et al., 2012) . More specifically, the methods and applications based on the use of light in neuroscience to further understanding of brain phenomena are growing rapidly and a new term -neurophotonics -has recently been coined to refer to all the disciplines that are working actively and in synergy at the interface between optics and neuroscience. These methods and applications embrace a cornucopia of solutions and tools, such as microscopic and super-resolution nanoscopic methods (Nieuwenhuizen et al., 2013) , optogenetics and other optical methods of manipulating cellular behavior (Welberg, 2013) , the use of synthetic and genetically encoded optical reporters and actuators (Siegel and Isacoff, 1997; Guerrero et al., 2002; Ataka et al., 2002) , optical clearing methods (Zhu et al., 2013) , optical methods for investigating neuroglial and vascular physiology, optical methods for investigating cellular energetics (Devor and Boas, 2012) , and noninvasive optical methods for imaging brain function (Hillman, 2007; Obrig and Villringer, 2003; Ferrari and Quaresima, 2012) . This field has become so important that 2014 saw the launch of a new journal "Neurophotonics" devoted to it (www.spie.org). In this review, we present the non-invasive optical methods of imaging brain function in humans. The interest in using optical methods to non-invasively probe the brain is due to the fact that cerebral activity influences the optical properties of brain tissue. A detailed description of the physiological processes associated with brain activity can be found in Villringer and Chance (1997) . In figure 1, we summarize the main physiological sources of contrast for optical parameters and link the measured optical parameters to the techniques effectively used to indirectly measure the underlying brain activity. The first source of contrast is related to the cellular physiological events associated with brain activity. Ion and water fluxes across neuronal membranes affect the membrane potential and can influence light scattering. Brain activity-related light scattering changes have been measured in vitro (Hill and Keynes, 1949; Stepnoski et al., 1991; Lipton, 1973; MacVicar and Hochman, 1991; Salzberg and Obaid, 1988) and in vivo, both in intact animals (Malonek and Grinvald, 5_Torricelli 4b_FN 4 2014 09/01/15 10:04 Pagina 1 © C I C E d i z i o n i I n t e r n a z i o n a l i 1996) and in human adults (Gratton et al., 1995) by means of the fast optical signal (FOS) technique. Other optical techniques exploit the so-called neurovascular coupling mechanism, the underlying basis of the blood oxygen level dependent (BOLD) signal. The BOLD signal is commonly monitored by functional magnetic resonance imaging (fMRI) (Ogawa, et al., 1992) , but regional blood flow changes following a neuronal activation can also be detected, thanks to the different absorption spectra of oxygenated and deoxygenated hemoglobin (HbO 2 and Hb, respectively) in the near infrared (NIR) window (Villringer and Chance, 1997; Obrig and Villringer, 2003) , by functional near infrared spectroscopy (fNIRS) or, thanks to the Doppler shifts induced by the motion of red blood cells, by diffuse correlation spectroscopy (DCS). We here focus on these three major techniques: FOS, DCS and fNIRS. The principles, instrumentation, and applications of each technique will be briefly reviewed. To properly understand the basics of these methods, a brief overview of the physical principles of light propagation in biological tissues, and of the main physiological sources of signal, is provided. Finally, the open issues in models, instrumentation, data analysis and clinical approaches are discussed.
Photon migration in biological media
Electromagnetic radiation in the visible (400-700 nm, VIS) and near infrared (700-2000 nm, NIR) spectral region is generally referred to as light (Born and Wolf, 1999) . Like many materials (e.g. powders, paint, clouds), biological tissues are opaque to VIS and NIR light due to the phenomena of light absorption and light scattering. The origin of these phenomena lies in the spatial and frequency changes in the dielectric properties occurring at the microscopic level (Bohren and Huffman, 1983) . In biological tissues the presence of chromophores like hemoglobin, water, lipids and collagen contributes to light absorption, while the shape and size of cells and intracellular structures (e.g. nuclei, mitochondria) contribute to light scattering (Dunn and Richards-Kortum, 1996; Mourant et al., 1998) . The overall light distribution in a biological tissue is determined by the interplay between light absorption and light scattering. In the VIS and NIR spectral range light scattering can assume values in the range of 5-30 cm -1 which are generally much larger than those of light absorption, which generally remain within the range of 0.02-2 cm -1 (Jacques, 2013) . For this reason, biological tissues are usually referred to as diffusive media. While the high absorption of hemoglobin at shorter wavelengths (<600 nm) and of water at longer wavelengths (>1100 nm) limits light penetration in the tissue to few millimeters, in the so-called therapeutic and diagnostic window (between 650 and 850 nm) light absorption is commonly very low (<0.2 cm -1 ) with the result that light penetrates to a depth of a few centimeters (Fig. 2) . This makes it possible to non-invasively probe biological tissue in depth and allows interesting biomedical applications like optical mammography (Taroni et al., 2012) and muscle and brain oximetry (Contini et al., 2012) . The terms diffuse optical spectroscopy (DOS) and diffuse optical imaging (DOI) indicate the methodologies that use VIS and NIR light to non-invasively probe diffusive media like biological tissues. Typically, in a DOS measurement, light is delivered to and collected from the sample by means of optical fibers (optodes), or by placing light sources and detectors directly in contact with the probed tissue. The simplest DOS measurement configuration is the transmittance mode in which the injection and collection fibers are positioned on opposite surfaces. In the biomedical field this is possible only for a few applications such as hemorrhage detection in newborns (Gibson et al., 2006) , thanks to the small size and transparency of the newborn's head, optical mammography, where the female breast is gently compressed by parallel transparent plates (Taroni et al., 2012) , or finger arthritis detection (Golovko et al., 2011) Adapted from Villringer and Chance (1997) 5_Torricelli 4b_FN 4 2014 09/01/15 10:04 Pagina 2 © C I C E d i z i o n i I n t e r n a z i o n a l i thanks to the thin shape of the finger. On the other hand, the reflectance mode exploits the fact that, thanks to scattering, light is highly diffused in the sample volume and DOS measurements become possible by placing a couple of optic fibers on the same surface of the tissue at a distance of a few centimeters. For DOI a combination of several injection and collection fibers positioned in regularly spaced arrangements allows topographic or tomographic approaches (Arridge, 1999) . Independently of the measurement geometry, three different DOS/DOI approaches can be implemented: i) continuous wave (CW) DOS/DOI makes use of a steady-state light source (e.g. a light-emitting diode or a laser with a constant intensity over time) that can typically be amplitude modulated at a low (a few kHz) frequency in order to exploit the significant noise reduction available with phase-locked detection techniques, and a detection apparatus sensitive to light attenuation changes (e.g. photodiode); ii) frequency domain (FD) DOS/DOI is based on amplitude-modulated light sources (at frequencies of the order of 100 MHz or larger, up to ∼1 GHz) and on the detection of light amplitude demodulation and phase shift; iii) time domain (TD) DOS/DOI employs a pulsed light source, typically a laser providing light pulses with a duration of a few tens of picoseconds, and a detection apparatus with temporal resolution in the subnanosecond scale. A detailed review of these different approaches can be found in Durduran et al. (2010) . As shown in Figure 3 , in the reflectance configuration the volume that is, on average, probed by CW DOS is the so-called banana shape region, which reaches a depth roughly equivalent to half the source-detector distance (Del Bianco et al., 2002) . To reach the adult brain cortex, a distance greater than 3 cm is typically needed, while shorter distances are used for measurements in neonates and infants (Koizumi et al., 2003) . Conversely, with TD DOS, the penetration depth is not affected by the source-detector distance, as long as the same photon propagation time t is considered, and a shorter (even null) distance can be used provided an efficient timegating mechanism is applied to suppress early photons (Pifferi et al., 2008) . Due to the combined effect of absorption and scattering on the overall signal attenuation, the greater the distance, the lower the signal-to-noise ratio will be. The modeling of light propagation in diffusive media is conveniently approached in the framework of the radiative transfer theory where light is treated as a stream of particles (i.e. photons), disregarding its wave nature. From the energy balance (or equivalently the photon balance) in a given volume, it is possible to derive the radiative transfer equation (RTE) which can be solved under the diffusion approximation. Useful closed-form expressions for reflectance and transmittance can be obtained in several simple geometries (e.g. parallelepiped, sphere and cylinder) and even in more complex cases that are more representative of real-life scenarios (e.g. layered medium, inhomogeneity embedded in a homogeneous medium) (Martelli et al., 2010) .
Fast optical signal
The FOS technique has the reputation of being contro- A long (>30 mm) source-detector distance generally allows penetration to cortical surface, while for short (<10 mm) distances light is confined mostly in extracerebral tissue. A similar scheme for the TD DOS can be found in Torricelli et al. (2014) .
short source-detector distance long source-detector distance source , 1972; Frostig et al., 1990; Stepnoski et al., 1991; Rector et al.,1997) , application of the technique for non-invasive monitoring of human brain function has given contradictory results. The initial enthusiasm over the FOS technique (Gratton et al., 1998; Rinne et al., 1999; Gratton et al., 2000; Gratton and Fabiani, 2001; Wolf et al., 2002; Franceschini and Boas, 2004; Morren et al., 2004; Gratton et al., 2006; Tse et al., 2006; Parks et al., 2012) has been tempered by negative results (Steinbrink et al., 2000; Syré et al., 2003) . A study by Steinbrink et al. (2005) clearly pointed out the critical issues in FOS and suggested that with current technology the signal-to-noise-ratio associated with light intensity changes recorded through the intact head by means of this method is too low to allow the detection of reliable brain cortex activations. More recently the FOS technique has been revisited (Radhakrishnan et al., 2009; Chiarelli et al., 2012) , confirming that its criticality lies in the signal-to-noiseratio. Moreover it was stated that the FOS signal is weak and localized; therefore, it is important not only to correctly use a measurement system with high detection sensitivity, but also to use a properly tailored experimental protocol and to provide a priori anatomical information on the probed area (Sun et al., 2014) .
Diffuse correlation spectroscopy
Diffuse correlation spectroscopy (DCS) is a recent technique that enhances the well-established Laser Doppler flowmetry (LDF) technique. Both DCS and LDF are in fact sensitive to the motion of red blood cells in tissues and record the fluctuations in intensity of coherent light (Bonner and Nossal, 1981) . Unlike LDF which has a very limited penetration depth since it uses a very short source-detector distance (e.g. 1 mm) (Rajan et al., 2009 ), DCS employs a sourcedetector distance in the cm range (e.g. 10-30 mm) and can be used to non-invasively monitor brain cortical activity through the intact scalp and skull in adults (Durduran and Yodh, 2014) . Interestingly, LDF measurements performed at long source-detector distance have been reported (Binzoni et al., 2003) , but LDF mainly remains associated with short distances and thus with the monitoring of perfusion in superficial tissues (e.g. skin). Furthermore, DCS measures the autocorrelation function of the detected light intensity from which the diffusion coefficient of the moving particle is derived, while LDF typically estimates the spectral power density of light intensity that is related to the autocorrelation function by the Fourier transform theorem. DCS has recently been revised to account for the long source-detector distances and to present the general physical framework in the context of the diffusion correlation function (Boas et al., 1995) . From the technical point of view, DCS is based on the use of a light source with a coherent length that is longer than the majority of photon path lengths in the tissues that have to be probed. A CW laser with a coherence length of about 10 m is generally chosen. A single photon detector coupled to a single-mode (or few-mode) optical fiber is used to collect light from the tissue, while a digital hardware correlator is used to compute the autocorrelation function Durduran and Yodh, 2014) . While LDF is easily found on the market, to date only one company markets DCS. DCS has been used in several clinical frameworks and has been extensively validated in vivo against LDF in muscle tissues (Durduran, 2004; Mesquita et al., 2010) , color Doppler ultrasound and transcranial Doppler ultrasound in infant and adult brain tissues (Durduran 2004; Yu et al., 2005; Buckley et al., 2009; Menon et al., 2003 , Roche-Labarbe et al., 2010 Zirak et al., 2010) , phase-encoded velocity mapping MRI in neonatal brain tissue (Buckley et al., 2012) , arterialspin labeled MRI in neonatal and adult brain tissues (Durduran, 2004; Yu et al., 2007; Durduran and Yodh, 2014) , and Xenon-CT in the injured adult brain . Overall, these studies suggest that DCS quantitatively determines relative changes in cerebral blood flow quite well with respect to a baseline.
Functional near infrared spectroscopy
Functional near infrared spectroscopy (fNIRS) measures the absorption changes caused by local variations in cerebral blood volume and oxygenation. The possibility of non-invasively probing hemoglobin in deep biological tissues by monitoring the attenuation of NIR light was first introduced in the late 1970s by Jöbsis (1977) but the application of the technique to the functional study of the brain cortex, by research groups in Europe, Japan and the US, dates back to only 1993 (Hoshi and Tamura, 1993, Villringer et al., 1993) . Since then fNIRS has evolved and now it is probably the most mature optical technique for the non-invasive monitoring and imaging of brain function. A historical review on fNIRS can be found in Ferrari and Quaresima (2012) , while recently published reviews have focused on the physical and technical issues of CW (Scholkmann et al., 2014) and TD (Torricelli et al., 2014) fNIRS, respectively. In general an fNIRS instrument can be classified as an oximeter and imager by referring to the possibility to monitor few (maximum 4) distant sites on the head (e.g. left and right frontal and occipital) or to cover a large area of the head so as to create maps of brain cortical activity. The majority of instruments employ the CW modality, possibly modified with the spaceresolved reflectance (SRS) approach, which consists of using multiple detectors in the area surrounding the source position. In this way SRS is able to estimate the photon path in the medium. A CW oximeter typically measures light attenuation changes at a single sourcedetector pair at two or more wavelengths: this enables changes in the tissue concentrations of HbO 2 and Hb to be derived. Conversely, the SRS approach enhances the classical CW approach, given that it is also able to provide an estimate of the so-called tissue oxygenation index, closely related to the blood tissue oxygen saturation parameter [SO 2 = HbO 2 /(HbO 2 +Hb)]. By using multiple source-detector pairs arranged in an array, topographic optical imagers have been developed (http://fnirs.org/instruments) that allow an approximate lateral localization of the activated area. Recently the high-density approach has been shown to be able to report enhanced spatial resolution as compared to classical imaging approaches (Zeff et al., 2007; Eggebrecht et al., 2014) . Noticeably, wearable multichannel systems have recently been introduced and allow the study of brain functions in freely moving subjects (Piper et al., 2014) . In the last decade the availability of several commercial instruments (mainly CW) has fostered a spread of fNIRS within the research community and many endusers (e.g. clinicians) have been using this methodology in fields like brain development, cognitive functions, response to sensorimotor stimuli, psychiatry, neurology and aging. For details see Boas et al., (2014) and the references therein.
Discussion
Despite the considerable experience accumulated (over a period of more than 20 years), the optical methods for non-invasive brain monitoring herein presented remain confined to a niche in the clinical research arena. There are in fact several critical issues that have hampered their more extensive use in real-life settings: limited spatial resolution, lack of quantification, and impaired reliability. On the one hand, the diffusive nature of biological tissues in the NIR spectral range is the characteristic that makes non-invasive monitoring of brain function possible, since light can penetrate deeply and eventually be re-emitted at the surface, carrying valuable information on the probed cortical area. On the other hand, light scattering has the negative effect of reducing spatial resolution. While lateral resolution can be improved by employing a dense arrangement of optodes (Zeff et al., 2007; Eggebrecht et al., 2014) , as a rule of thumb depth resolution is limited to 5-10 mm, therefore potentially sufficient to discriminate cortical area from overlying extra-cerebral tissues, but definitely not sufficient to finely resolve the hierarchical cortical structure. The confounding effect of hemodynamic changes occurring in the superficial scalp is now recognized as a major source of error with all optical techniques (Takahashi et al., 2011; Aslin, 2013) . The use of TD (Aletti et al., 2012; Kirilina et al., 2012) or SRS (Gagnon et al., 2012) approaches can potentially eliminate or at least reduce this effect. Noticeably these approaches are limited to research prototypes while the majority of commercial devices use a classical CW approach (Ferrari and Quaresima, 2012) . Previously, this effect has been found to have a negative impact on use of fNIRS devices in the clinic (Maas and Citerio, 2010) . While accurate estimates of optical properties in simple cases (e.g. homogeneous parallelepiped) are feasible, it should be noted that the human head is geometrically complex and optically heterogeneous. A rough model locally approximates the head as a layered structure where scalp, skull, cerebrospinal fluid and gray and white matter have noticeably different optical properties. Analytical models exist to express basic measurable quantities (e.g. reflectance) as a function of source-detector distance, absorption coefficient and reduced scattering coefficients in layered media (Martelli et al., 2010) . For a more accurate description, finite element method or Monte Carlo solvers can handle a realistic geometry taken from 3D anatomical MRI or CT scans (http://web4.cs.ucl.ac.uk; http://www.dartmouth.edu/~nir/nirfast; Fang and Boas, 2009 ). However, the real values of the in vivo optical properties of the different head compartments, and their intra-and inter-subject variations remain poorly determined (Bevilacqua et al., 1999) . This reduces the overall matching between simulations and measurements, and may have confounding effects also on the design of tailored instrumentation. Recent studies have been started to provide better estimates of basic optical properties (Farina et al., 2013) , but wider research is needed to study the effect of anatomy, aging and physiology on the optical parameter. The presented optical techniques target different physiological effects linked to brain function, therefore each of them is able to give only a partial picture of the overall phenomenon. Integration of techniques can potentially provide a more complete neurophysiological description. The easiest integration is between DCS and fNIRS since they both address the hemodynamic changes following neuronal activation. The advantage lies in the possibility of simultaneously providing cerebral blood volume and blood flow as well as blood tissue oxygen saturation, and allowing non-invasive estimation of the cerebral metabolic rate of oxygen (Boas et al., 2003) . In a few cases, integration of DCS and fNIRS has already been explored at the research level (Roche-Labarbe et al., 2014; Busch et al., 2012; Diop et al., 2011) while a European project (BabyLux, http://www.babylux-project.eu) was recently started to provide the first integrated instrument combining DCS and TD fNIRS for monitoring cerebral oxygen metabolism and blood flow in preterm neonates. Integration of DCS or fNIRS with FOS is fascinating since it would, through an all-optical methodology, provide information on both the fast neuronal changes (usually captured by EEG) and the slow hemodynamic changes (usually measured by PET or fMRI). Today, this is a challenging task that still requires a significant advance at technological and research level. Integration of optical techniques with other neuroimaging modalities (e.g. EEG, fMRI) is quite straightforward and has been demonstrated by several research groups and also effectively applied in clinical studies (Durduran and Yodh, 2014 , Scholkmann et al., 2014 , Torricelli et al., 2014 . Finally, a comment on the need for standardization and quality assessment is warranted. There is an increasing awareness in the biophotonic community that this is a key requirement for the translation of neurophotonic tools to the clinics (Hwang et al., 2012) . The defini-tion of common procedures for the performance assessment of instruments, and the parallel availability of highly calibrated and reproducible phantoms are key requirements for the quantitative assessment of instruments and the validation of clinical prototypes, for quality control and consistency in clinical studies, and for the comparison of clinical results performed with different instruments. Within the framework of different European projects (MEDPHOT, OPTIMAMM, nEUROPt, LaserLabEurope), common protocols and related phantom kits have been developed to provide guidelines for the comparison of various diffuse optical systems Wabnitz et al., 2011 Wabnitz et al., , 2013 . Further, a joint initiative of the International Electrotechnical Commission (IEC) and of the International Organization for Standardization (ISO) has been started, aiming at defining a simple, easy-touse standard (http://www.iec.ch). Standardization should also involve data analysis procedures. Within the fNIRS scientific community an initiative for standardization of data types (http://fnirs.org/software) has recently been started, also supported by the availability of open source software (Huppert et al., 2009; Ye et al., 2009) . Unfortunately no similar initiatives are, at present, envisaged for DCS and FOS.
Concluding remarks
The possibility of non-invasively monitoring brain functions by shedding light on the intact head is fascinating and challenging. Given the level of maturity now reached by non-invasive optical techniques like DCS and fNIRS, it is not unrealistic to foresee wider adoption of such modalities in clinical studies. Awareness of the potentiality of these techniques is in fact increasing among end users. On the other hand the FOS technique still necessitates further validation to better identify the optimal working procedures. The advances in photonic technologies in terms of availability of novel and higher-performing components (e.g. light sources and detectors) will stimulate multidisciplinary actions (either at basic or applied research level) aimed at overcoming existing shortcomings. A bright future for neurophotonics lies ahead.
